Ganglioside Vaccines With Emphasis on GM2 
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CaftsOosides m neunmlnic »dd-cont»inlng glycosphbv 
gotipids that ir« anchored into the cell membrane lipid 
bHar*r by lipophilic ceramide chain*. They are overex- 
pressed on tissues of neuroectodermal origin, and 
particularly In tumors such as melanomas, sarcomas, 
neuroblastomas, astrocytomas, and small cell lung can- 
cers. Both active and passive Immunotherapy trials 
have identified gangllosldes as uniquely effecthre targets 
for antibody mediated melanoma immunotherapy. In- 
duction of antibodies against CM2 by vaccination has 
correlated with an improved prognosis in American 
Joint Committee on Cancer (A|CC) stage 111 melanoma 
patients and vaccines containing CMl chemically conju- 
gated to keyhole limpet hemocyanln (KLH; CM2-KLH) 
plus the Immunologic adjuvant QMI have proven to 
be consistently immunogenic Phase III trials with this 
vacdne are ongoing In patients with melanoma in the 
United States, Canada, Europe. Australia, and New 
Zealand. GD2, fiicosylated GMI, and G03-KLH conju- 
gates plus'QS-21 are also consistently Immunogenic, 
inducing IgM and IgC antibodies In the majority of 
patients. Polyvalent gangUoside-KLH conjugate plus 
QS-21 vacdnes should be available In early 1999 for 
testing in phase II and III clinical trials. 
Semtn Oncol 25.-«36-^5. Copyright O /99« by W.a Soon- 
den Compony. 

IN 1975, Drs Lloyd Old, Herbert Oettgen, and I 
initiated a series of immunization trials with 
melanoma and melanoma lysate vaccines mixed 
with various adjuvants. One hundred ten patients 
were iimnunized and the resulting serologic, de- 
laycd-type hypersensitivity (DTH), and (in the 24 
patients in whom autologous melanoma cell lines 
were available) cytotoxic T lymphocyte (CTL) 
responses analyzed.*'* While high levels of cell- 
mediated cytotoxicity were detected against cul- 
tured autologous melanoma cells in some of these 
patients, including what was subsequently identi- 
fied as human leukocyte antigen (HLA)-A2- 
restricted reactivity against tyrosinase in one pa- 
tient, these reactivities were present before 
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immunization.^'' The immuniiations had no im- 
pact on cytotoxic T<ell reactivity. Vaccine- 
induced DTH reactions were not interpretable, 
since specificity could not be analyzed definitively. 
Serologic responses agaii«t melanoma antigens on 
autologous and allogeneic melanoma cells were 
detected in 11 patients. After extensive specificity 
analysis, the only anrigens recognized by more 
than one patient were the gangliosides GM2 and 
GD2. Tai et al^ also found GM2 and GD2 to be 
uniquely irmnunogenic Ten of 26 patients vacci- 
nated with a mix of irradiated allogeneic mela- 
noma cell lines produced IgM antibodies agairut 
GM2 and two patients produced antibodies against 
GD2. Gangliosides have also been shown to be 
effective targets for passive immunotherapy of 
melanoma with monoclonal antibodies. Major 
clinical responses have resulted from treatment of 
patients with momxlonal antibodies against GM2, 
GD2, and GD3>^5 Hence, both active and passive 
immimotherapy trials have identified gangliosides 
as xmiquely effective targets for melanoma immunO' 
therapy. 

Gangliosides are neuraminic acid-containing 
glycosphingolipids that are anchored into the lipid 
bilayer of the plasma membrane by their lipophilic 
ceramide moiety. The carbohydrate portions of 
gangliosides are present on the extracellular border 
of the plasma membrane, where they are available 
for recognition by antibodies. The structures of the 
gangliosides discussed in this review and the close 
proximity of the immunogenic carbohydrate epi- 
topes to the cell membrane are demoiistrated in 
Fig 1. . 

THE BASIS FOR VACCINES THAT INDUCE 
ANTIBODIES 

Antibodies are the primary mechanism for elimi- 
nating infectious pathogens from the bloodstream. 
They are also ideally suited for elimination of 
circulatir\g tumor cells and micrometastases. The 
importance of antibodies in mediating protection 
from tumor recurrence is well documented in 
experimental anicaals. Experiments involving ad- 
ministration of monoclonal antibody 3F8 against 
GD2 are a case in point.** Administration of 3F8 
before intravenou:* tumor challenge or as late as 4 
days after tumor challenge results in complete 
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Fig I. Demonstration of the 
structure of ganfflotides CM2, 
GD2, CD3, and fucotyl GMI. and 
their dose pn>xirnit]r to the exter- 
nal sur^e of the cell membrane, 
where they are anchored by In- 
corporation of ceramlde Into the 
cell membrane lipid bilayer. 
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protection of a majority of mice. This timing may 
be comparable to antibody induction in or admin- 
istration to patients in the adjuvant setting, after 
surgical resection of the primary or lymph node 
metastases in cancers such as melanoma and after 
response to chemotherapy in cancers such as small 
cell lung cancer (SCLC), since in both cases the 
targets may be circulating tumor cells and microme- 
tastases. Administration of 3F8 seven or more days 
after tumor challenge had little impact on tumor 
progression. 

There is also evidence in cancer patients that 
natural or passively administered antibodies in the 
adjuvant setting are associated with a more favor- 
able prognosis. 

(1) Natural antibodies (antibodies present in 
patient sera before vaccination) have been corre- 
lated with an improved prognosis. This is true for 
patients with paraneoplastic syndromes, in which 
high titers of antibodies against onconeural anti- 
gens expressed on particular cells in the nervous 
system and certain types of tumors have been 
associated both with debilitating autoimmune neu- 
rologic disorders and with delayed tumor progres- 
sion and prolonged survival.'^ Also, patients with 
American Joint Committee on Cancer (AJCC) 
stage 111 melanoma and natural antibodies against 
GM2 ganglioside treated at two different medical 
centers have had an 80% to 100% 5-year survival 



rate compared with the expected rate of 40%,^'-*' 
as shown in Fig 2. 

(2) Tumor vaccine-induced antibodies against 
GM2 (see Fig 2) and several other melanoma 
antigens at four different medical centers, and 
agairut sialyl Tn antigen in adenocarcinoma pa- 
tients, have correlated with prolonged disease-free 
interval and survival.*'*^ 

(3) Patients with Dukes C colon cancer treated 
with monoclonal anribody 17-1 A in the adjuvant 
setting had a significandy prolonged disease-free 
and overall survival compared with randomized 
controls.^* 

Hence» in the adjuvant setting, passively admin- 
istered and vaccine- induced antibodies have been 
shown to correlate with improved disease-free and 
overall survival in the mouse and in humans. Since 
the great majority of cancer parients are initially 
rendered free of detectable disease by surgery and 
or chemotherapy after initial diagnosis, vaccines 
that induce antibodies r.iay have broad applicabil- 
ity. 

EXPRESSION OF GANGLIOSIDES 
AT THE CELL SURFACE OF CANCERS 
AND NORMAL TISSUES 

Ganglioside expression in a variety of malignan- 
cies has been documented by extraction, followed 
by thin-layer chromatography and immune thin- 
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layer chromatography (ITXC), and by immunohis- 
nwf '7^^^"^ summarized in Table 1, 

GM2. GD2, and GD3, gangliosides are broadly 
expressed m melanomas, sarcomas, and neuroblas- 
tomas. ^ well as in a variety of primary- brain 
tumors. Fucosyl GUI expression has been larsely 
restricted to SCLC"-^^ 9-O.acecyl GD3 (GD3 
O-acerylated at the 9 position of the terminal sialic 
acidj has been widely expressed only in melano- 
mas. Surprisingly. GM2 also appears to be ex- 
pressed in the majority of epithelial cancers and 
may represent a broadly expressed anrigen 



Pit 2. Correlation between 
the preserve of nituraJ or CM2/ 
BCC wdne-fciduced tenim and- 
bodJe* against GM2 and surWval 
in AJCC stage (Jl nr»elanoma pa. 
eienti seen at the Memorial 
Sioan-Kettering Cancer Center 
{MSKCC)'»orthe UCLA School 
of Medicine." 



Table I. Expreisten of Cangfioaide, Detected by 
Extraction and ITUC, or by Immunohittoiogy in >75X 
of Human Cancer Biopsy Specimens 
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Gangliosides ar: also present on a variery of 
normal tissues." GM2, GD2, and GD3 are ex- 
pressed on btain cells, especially GD2, which is 
ako expressed on some peripheral nerves. Unex- 
pectedly, GD2 was found to be present on some B 
lymphocytes in the spleen and lymph nodes (but 
not m peripheral blood) and GM2 was detected at 

r^l^'^T^r^"^'" °^ 'P'^hehal tissues. 
GD2 and GD3 we« also expressed, though at 
lower levels, in connective tissues of multiple 
organs, and GD3 is known to be expressed on a 
subset of human T lymphocytes.* Fucosyl GMl 
was seen in only .xcasional celU in the islets of 
Ungerhans and some sensory neurons in the donal 
root ganglia. 

Tl»ere is now sufficient experience from clinical 
trials with vaccine-iriduced antibody responses 
a^mst GM2, GD2, and several other nonganglio- 
side antigens, and passive administration of mono- 
clonal antibodies against GD2, GD3, and several 
other antigens to draw conclusions about the 
consequences of Entigen distribution on various 
normal tissues. GM2, GD2, and GD3 exposure on 
cells m the brain and GM2 and sTn expression in 
cells at the secretory borders of epithelial tissues 
induce neither imn.unologic tolerance nor autoim- 
munity once antibodies are present. Tliis suggests 
that m each case they are sequestered from the 
.mmune system. Treatment of patients with mono- 
clonal antibodies against GD2 and GD3 has not 
induced CNS toxicity in children or adults. Indue- 
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cion of antibodies against GM2 and other antigens 
expressed at the secretory border of epTtS! S 
ensues such as ,T„ and TP disaccharides' 

Ss riu?r^ Polymorphonudeosites) 
^ resulted .n no toxicity related to die epithelia 

IZ P"^''-'^- *°"gh shot 

hved. neutropenia after each adminisnSion «^ 
Th^ two examples demonstrate that anSodies 
gam.t anfgens that are not sequestered fcm le 
mmune system can have profound effects. A^iSl 
th^ background. GM2. GD3. P-O-acetyl cS 
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^onodonalantiLiagaSfo^^^^^^^^ 
«.. an^ on y at the higher doses, it may be St 
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MECHANISMS OF ANTIBODY ACTION 

In general, interaction of antibodv , 
^wijout Significance unless F^SlSarjS 

of stud.es of bacterial infections, the most im^r 
ant mechanism of protection by antibX ' 
comp Wmediated attack and lysis. IgM ^ti 
bound to «ll.surfkce carbohyLte 'antiZ 
such as gangliosides is the most active comnlJ^^ 
activa^r in the mt^vascular J^^^^^^^^^^^^ 

Sv Coir ^ "t^vaS- 
larly. Complement activation at the cell ,„rf,r. 

mediates inflammatory reactions, op^^tn 
for phagocytosis, clearance of anti«.n",nr v!^ 

aTirmo^ 

cell, ™ J . P""^ ''^S'^ for effector 

cells mediating antibody-dependent cell-mediatS 

hetent cytotoxic mechanisms rjS::|J: 



'MMUNOGENICITY OF EARLY CM2 
GANGLIOSIDE VACCINES 

vaicSdim'^*"^'""'*^*^'«'«^^omacelI ■ 
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approach ,^ abandoned, because though h»h 
nter antibodies were indeed induced JL t 

with the unmodified ganglioside. The second an 
proach was to augment helper T-ceU reacS^^ 
antigen processing by chemically coniugati^I 
ganghoside to an immunogenic drrier pS^J 
"smgamore potent immunologic adjuvan 



THE GM2.KEYHOLE LIMPET HEMOCYANIN 
CONiUGATE VACCINE PLUS Qsif 

Following the lead of bacterial polysaccaride 

oTanSJ^to't^'^^'"'^'"^^'--^^^^^ 
sulr ^ to "fmunogenic carrier proteins re- 
sulted m the highest titer antibody rwnonseT 1 
explored dje use of ganglioside Jiu^^'-^^ 
^ immunologic adjuvants « K^vhnL f ^^'^^^^ 

cyaninCKLHTwas'i^tofStT'^""" 
cancer molecule, tested in rhetl^^S 
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Cor^equently. this is the approS aTl^d m 
subsequent clinical triak. '° 
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used for vaccine construction were acetylated 
exclusively or even primarily at the 9-0 position. 

We have recently immunized small groups of 
patients widi GD3-KLH and GD3 lactone-KLH 
conjugate vaccines mixed with QS21. The results 
are summarized in Table 3. Once again, GD3 
proved nonimmunogcnic, but GD3 lactone suC' 
ceeded in inducing antibodies against GD3, GD3 
lactone, and melanoma cells expressing GD3 in 
the majority of patients. The basis for the increased 
immunogenicity of GD3 lactone over GD3 for 
inducing antibodies against GD3 may be the 
increased rigidity of GD3 lactone molecules, which 
is thought to increase immunogenicity, as previ- 
ously described for GM3 lactone." Antibodies 
against GD3 have also been induced in some 
patients by vaccination with the antiidiotype mono- 
clonal antibody BEC2." Chapman has described 
the induction of antibodies against GD3 in up to 
30% of patients vaccinated with BEC2, depending 
on the adjuvant used and the route of administr^- 
tion.53J^ ■ 

Trials with GD2-KLH vaccines have also suc- 
ceeded in inducing antibodies detectable against 
synthetic GD2 by ELISA," against tumor biopsy 
specimer\s by immune thin layer chromatography, 
and agairist GD2-positive cultured tumor celb by 
flow cytometry in the majority of patients. Analy- 
sis of these trials is srill ongoing, but it is already 
clear that the antibodies from the majority of GD2 
and GD3 lactone-vaccinated patients react with 
melanoma cells expressing the same antigens. 

Fucosyl GM/ 

Eleven patients with SCLC who were free of 
grossly detectable disease after response to multiple 
cycles of chemotherapy were immunized with a 



fucosyl GMl-KLH plus QS21 vaccine.'^ All pa- 
tients produced high-uter IgM antibodies (median 
titer, 1/1,280) and 10 produced moderate-riter IgG 
antibodies (median dter, 1/640) agairut fucosyl 
GMl. Antibodies were also reactive with SCLC 
biopsy-derived fuojsyl GMl by immune thin-layer 
chromatography, and with SCLC cell lines express- 
ing fucosyl GMl by flow cytometry. These results 
are summarized in Table 3. 

FUTURE DIRECTIONS 
FOR GANGLtOSIDE VACCINES 

While there is e very indication that immuniza- 
tion with these single anugens may prove benefi- 
cial when administered in the adjuvant or minimal 
disease setting, in the long run polyvalent vaccines 
offer the most promise. This is because functional 
and antigenic heterogeneity are inherent features 
of malignancies and genetically based heterogene- 
ity of responsiveness is ir\herent in the human 
immune response. Only with polyvalent vaccines 
can we hope to induce an immune response 
capable of eliminacing every cancer cell. We have 
immunized groups of mice with mixtures of four of 
the individual KLH conjugate vaccines, which 
were either injected as a mixture in a single syringe 
or as individual vaccines administered to four 
quadrants in the same mouse, and compared im- 
mune responses to the response obtained when 
mice were immun^ed with a single one of these 
four components. No loss of immunogenicity was 
detected when four antigei\s were injected to the 
same mouse, and use of a single syringe with the 
four vaccines mixed together was as effective at 
inducing high-titer IgM and IgG antibodies against 
each of the peptide and carbohydrate antigens, as 
were the other alternatives. 



GANGUOSiDE VACQNES WITH EMPHASIS ON GM2 

We can now consiscencly induce IgM antibodies 
and in most cases IgG antibodies against GM2, 
GD2. and fucosyl GMl. In all cases* the antibodies 
react not only with die synthetic or purified 
immunizing ganglioside, but abo with the same 
ganglioside obtained firom tumor specimens and 
with cultured aimor cells. The GD3 lactone-ifCLH 
vaccine may also be ready to add to this list, but our 
experience with it has been quite limited. An 
additional GD3 lactone-KIH trial has recently 
been initiated to confirm our previous results. 
Also, we are preparing to compare the immunoge- 
r\icity of GD3 lactone-KLH, with the antiidiotype 
monoclonal antibody BEC2 vaccine, and combina- 
tions of these two vaccines, to determine whether 
the combiiiation is able to induce more consistent 
antibodies against GD3 and GD3'positive mmor 
celb than GD3 lactone-KLH or BEC2 alone. 

By mid 1999, we anticipate combining the 
optimal single antigen vaccines described above 
into polyvalent vaccines. The antigens known to 
be expressed by different cancers as determined by 
extraction and iramunohistology (Table 1) will 
guide vaccine construction. Vaccines agairwt mela- 
noma, neuroblastoma, and primary brain cancen 
will contain only the ganglioside antigens indi- 
cated, since we are not aware of any od^er well- 
defined mmor antigens that are expressed at the 
cell surface and are available for vaccine construc- 
tion. Vaccines against neuroblastoma and SCLC 
on the other hand will contain the three ganglio- 
sides indicated in Table 1 in each case, but abo one 
or more nongangUoside antigens that are known to 
be expressed at the cell surface of these cancers (ie, 
polysialic acid for neuroblastoma and polysialic 
acid, Globo H, and KSA for SCLC) as previously 
described.^'-"'^^ Vaccines against epithelial cancers 
will contain GM2 as the only ganglioside and a 
variety of other carbohydrate and peptide antigens 
known to be expressed at the cell surface."-^^ Once 
these pilot trials have demonstrated the safety and 
immunogenicity of these polyvalent vaccines, ran- 
domized phase III triab in the adjuvant setting will 
follow. 
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